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unconventional way of manufacturing photonic crystals by purely chemical method and it would open up new fields of application avoiding the problems related to engraving. Especially, in self organization, no one has described a way of synthesis starting from high temperatures, although it has some advantages like low cost, large volume and weak OH content (absorbing in the near-IR range). This last advantage can be made profitable to obtain materials compatible with the existing optical fiber networks. In the past, researchers [6] [7] [8] [9] [10] [11] [12] showed the possibility of obtaining such ordered structures starting from eutectic compositions. Eutectics correspond to particular points in the phase diagram between the liquid phase and a solid phase, the composition of the liquid is fixed but it decomposes into two solid phases of different compositions, on cooling. A microstructure appears, but very often it is disordered. Nevertheless for some sets of elaboration parameters, ordered microstructures settle. Those can be defined by the kinetics of the growing environment, speed of cooling and also by some intrinsic parameters like diffusion, chemical kinetics of phase formation etc. In this paper, we report the use of this method for synthesizing a new category of composites: equidistant glass fibers in a single crystal matrix. This is carried out at high temperature, by a technique called 'floating zone'/'melting zone' associated with an image furnace [7, 10] . The apparatus is described in Figure 1 . A floating zone is established between a single crystal (the seed) and a polycrystalline rod (the feed rod) by using the radiative heat provided by two halogen lamps in an image furnace. These ways of development are essentially adapted to the development of large volume of single crystal (see Fig. 1 ). Fig. 1 . Scheme of the floating zone apparatus using a double image furnace.
Synthesis route
The system that we investigated is CuO-SiO 2 -GeO 2 around the composition CuGe x Si y O 1+2(x+y) with 1x+y1.4 and 0y/x0.4. CuGeO 3 is an inorganic crystal that was studied in our laboratory for other properties [6, 10] . This crystal is orthorhombic with a space group Pbmm and the crystalline parameters: a = 4.79Å, b = 8.49 Å, c = 2.94 Å. It can dissolve Ni/Mn on its network of octahedral Cu and Si on its tetrahedral Ge network. Even though it can dissolve Si into its atomic tetrahedral chain, there is a limit (typ.: a fraction of a few %) in the atomic fraction of Si which can thus replace Ge, beyond which it will not produce a single phase on solidification. We discovered this while looking for methods to www.intechopen.com
Elaboration of a Specific Class of Metamaterial: Glass in Single Crystal 51 obtain a self-organized composite. Moreover, as we increase the atomic fraction of Si in the starting composition, the nature and quality of the crystal varies. In fact, we could not confirm if we really have a eutectic or not in our case. This is because, a detailed chemical analysis by the electron microprobe method [6] , both on the crystalline matrix and on the fibers, confirmed the presence of Si at these two locations. If it were a eutectic, more chances would be that Si would not replace Ge in the crystalline matrix, instead stand alone as silica fibers. Phase diagram from Figure 3 (a) shows that the cooling of CuGeO 3 from liquid phase is congruent. So, there is no phase separation in the pure compound. With silicon dioxide substitution a priori to GeO 2 , the pseudo ternary diagram Figure 3 (b) leads to expect that this property is conserved until 50% but our observations contradict this result. On the other hand, the phase diagram in Fig. 3 shows the existence of a multiphase domain limited by the single phase line CuGe 1-x Si x O 3 . The idea is thus to exploit this domain for inducing the second phase precipitation more strongly. The compositions of the starting material were CuGe x Si y O 1+2(x+y) with x between 0.89 and 1.2 and for y between 0 and 0.3 and 1x+y1.4, 0y/x0.33 (see Figure 4 ). They break up from the liquid state into a monocrystalline matrix, incorporating some precipitates.
Crystal growth technique:
The technique of crystalline growth known as 'floating zone method' (see Figure 1 ), that we used here, makes it possible to obtain monocrystals of a few cm long without stacking faults. By the way, the advantage of this technique is the possibility to grow high-purity single crystals since the melt has no contact with a crucible during the experiment. Homogeneous and dense feed rods were prepared using >99.99% pure powders of CuO, GeO 2 and SiO 2 as described in reference [7] . Required amounts of these powders were accurately weighted and mixed thoroughly. This mixture was then pressed into cylindrical rods of about 4mm in diameter and 8 cm in length under isostatic pressure of about 2500 bar. The feed rods, were then sintered in air at 1050°C for 24h. All composites (varying in the composition x and y) were grown from a pure CuGeO 3 monocrystalline seed aligned along its 'a' axis that defined the growth axis (see Figure 5 ). Growth was carried out with the 'a' axis of CuGeO 3 along the growth direction. The essential idea of this crystal growth technique is to establish a liquid zone between the single crystal seed and the polycrystalline feed rod. The vertical high-temperature gradients required to stabilize the molten zone are ensured by focusing the image of two halogen lamps with two ellipsoidal mirrors. The molten zone temperature is precisely controlled by adjusting the lamp electric current magnitude. The crystal growth was carried out in an enclosed quartz tube where 2-atm oxygen pressure was established in order to prevent vaporization of CuO from the molten zone as much as possible. The growth rate (0.6 to 9 mm/h) is the rate at which the ensemble moves down from the furnace and this has a major influence on the characteristics of the grown crystal. The slow relative displacement of the heat source with respect to the liquid zone makes it possible to force the solidification of the fluid on the correctly directed monocrystal and thus the solidified material presents a continuous crystallographic character. This method yields single crystals of Cu(Ge 1-x Si x )O 3 as well as two phase composite in the vicinity of the monocrystalline domain.
(a): CuO-GeO 2 binary phase diagram [12] . The growth rate has an important influence on the final structure of the crystal that evolves from the system. By carrying out the experiments at different rates, we conclude that, at this particular composition it is not possible to obtain ordered fibers if the rate exceeds 4 mm/h. However, there is a trade-off between the periodicity and the size and spacing of these fibers, as we increase the growth rate. Even though the size and spacing becomes smaller with increasing rate, it becomes more disordered. Therefore, we fixed this value at 1.3 mm/h and it was possible to obtain single crystals of about 14-cm long. The optimum growth rate varies with the composition, stoichiometry, etc. In this case also, an increase in the Si content beyond a limit (10%) results in more chaotic distribution of the fibers even if it is advantageous in obtaining smaller fiber diameter. It also restricts us in the range of feasible growth rates. Therefore, it is the compromise between the Si content and the growth rate that acts as the limitation to the minimum fiber size and spacing obtainable by this method. By working at slightly over stoichiometric composition, we are able to reduce this size up to 0.6 m with spacing as small as 1.5 m. What we observed was that, beyond a limit, the increase in Si will inhibit the ordered formation of silica fibers in the matrix.
Characterization
The crystals are deep blue in color (see Figure 6 ), translucent, and grow with an elliptical cross section, with the b and c axes of the structure being the minor (0.30 cm) and major (0.75 cm) axes of the ellipse, respectively. They can be easily cleaved along the (100) plane. Characterization of the samples was done by optical microscopy, SEM (secondary electrons and backscattered electrons), X-ray diffraction (XRD), EBSD (electrons backscattered diffraction), electron microprobe analysis, Raman micro-spectroscopy.
Optical microscopy and SEM
The obtained composites were cleaved and thin slices were observed by optical microscopy using polarized light. Precipitates are easily seen when they are larger than the micron. This indicates that the refraction index difference is large enough. Upon rotation of the sample about the 'a' axis, the brightness of the matrix varies whereas that of the rods does not change, indicating that the matrix is not isotropic but the rods are. The optical microscopy always showed two phases and not 3 for some composition as it is shown in Fig. 3b . It shows also the regularity of the precipitates, the heterogeneity of the distribution in some regions. As we can see in Figure 6 , the samples show concentric heterogeneities. There is a central region (brighter) containing precipitates. There is an external region clear from precipitates. There are regions with ordered precipitates of the same size e.g. the central region (appearing brighter in Fig. 6 ), and region rather disordered with various sizes and distances e.g. intermediate region. The outside part near the surface of the crystal never shows precipitates. Close to the borderline between intermediate region and external one, precipitates are aligned along equally spaced lines. The lines are more distant than in the central region. Figure 7 shows precipitates in the different region of the sample. In the central region, there is only a short range order. When moving to the outside, the precipitates` distribution varies. The distance and size increases. When reaching the surface, they disappear. In this region fibers are no more perpendicular but they are all tilted at the same angle. This is probably due to the curvature of the solid-liquid interface characteristic of the floating zone technique. Then, further from the center, the arrangement is more chaotic as we can see in Figure 7b . Figure 8 show the regularity of the precipitates in the central zone that is about 1 mm in diameter, in four of the numerous crystals that we elaborated. The smallest size and distance that we have obtained in the phase domain investigated is 0.6 and 1.4 m respectively (see Figure 8d) . Further observations by means of optical microscope in transmission and by successive cleaving perpendicular to 'a' axis showed that, in the central zone, these precipitates were long, columnar and perpendicular to the cleavage surface thus 'a' axis is along the crystal rods. They are therefore analogous to fibers. One of the best ordered samples showing nearly periodically distributed fibers, was selected for the observation along a longitudinal section containing 'a' axis, to analyze whether these fibers run uniformly along the entire length of crystal without crossing over. A smallcleaved piece of sample was cut into two pieces. It was then fixed in epoxy resin and polished using SiC discs of grain sizes 600 and 1200 mesh for 10 minutes each and then using felt discs and diamond powder of granule sizes 6 µm, 3 µm, 1 µm and 0.25 µm www.intechopen.com
Elaboration of a Specific Class of Metamaterial: Glass in Single Crystal 55 respectively for 10 minutes each. This was then observed using the optical microscope and the result is given in Figure 9 . The photographs show that the fibers are quite uniform and grow along a great length of the crystal. It was observed that the length of the fiber as revealed from the photograph is almost 750 µm. The diameter  of the fibers in this photograph from the sample with initial composition CuGe 0.915 Si 0.085 O 3 is around 4 m and is more or less uniform throughout the length. 3 mm/h, fiber size 2.5m, fiber distance 11.5 microns has been used here.
SEM-SE on tilted samples
Secondary electrons in SEM have a large field depth that is convenient for imaging on a large scale the surface of the sample that shows some topographies. However, it is necessary to tilt the sample sharply. Some images are displayed in Figure 10 . As we can see, the fibers seem to protrude the surface of the sample. We checked using a phase shift interferometer whether it is actually the case. This observation can be made on both faces of the cleavage. Sometimes, fibers are broken below the surface level but commonly, they protrude. This means that a stress relaxation occurs and that they were in compression before cleaving. This can be due to smaller thermal expansion coefficient for the fiber than for the matrix.
In Fig. 11 , the surface of the sample has not been perfectly cleaved and allows us to view the layer structure of the single crystal along an edge. It also reveals the channels where www.intechopen.com the fibers were but in this case they disappeared during the cleaving. However, in the second image, a fiber remains showing that the crystallization around the fiber is not disturbed and the interface is very well defined. A transition region is not appearing. However, in Figure 12 , we see better that a ring is appearing around the fiber compatible with a compression effect. This picture shows that around the fiber, a contrast is detected that seems to show a compression effect in agreement with the topography seen in SEM (sample UPS416).
X-ray diffraction
We have performed X-ray diffraction experiment (see fig.13 ) in order to identify additional lines among those of the well known cuprogermanate. Surprisingly, we detected the presence of only one crystalline phase, in contrast with the two phases observed by optical microscopy or SEM-EBS. This leads to think that the fibers are not crystallized. 
Raman micro-spectroscopy analysis
Raman micro-spectroscopy can be used to identify a compound by its spectroscopic signature. It is based on the inelastic scattering of usually visible electromagnetic waves (energy exchange between the optical wave and the material vibration waves. Raman spectroscopy was performed in confocal mode with a pinhole of 300 microns and an objective of magnification 100x. The source of excitation was the 514 nm emission from an Ar + laser. To record the Raman spectra, the beam was focused on the surface of the material. Under these conditions, the lateral resolution is of the order of the micron whereas the depth resolution is about 30 microns. The acquisition time for the spectrum was fixed at 60s. By taking measurements between 200 and 4000 cm -1 , it was observed that, for our materials, Raman features were located only between 200 and 1500 cm -1 . The Raman spectra were recorded on the reference sample CuGeO 3 and on the sample doped with 10 % Si/(Si+Ge). Figure 15 shows the spectra collected between fibers and on a fiber. The spectrum of the wavenumber (cm-1) Raman intensity (a.u.) matrix z=0 precipitate z=0 difference Fig. 15 . Raman scattering spectra recorded at the surface of a cleaved sample with 10 % Si/(Si+Ge). One of the spectra has been recorded in the matrix surrounding the precipitate and the other one on the fiber itself. The third spectrum has been computed by weighted difference of the two others in order to eliminate the matrix spectrum as much as possible (UPS422). The second picture is an enhancement of the first one. matrix, which is perfectly crystalline, is made of rather fine structures corresponding to the solid state vibration modes allowed in Raman scattering. Concerning the spectrum collected from the fiber region, even though the lateral resolution is larger than the fiber diameter, it can be seen however that it is identical to the spectrum of the matrix, except for an additional band around 430 cm -1 . To clearly express the difference between the two spectra, we performed a weighted difference between the spectrum of the precipitate and that of the matrix so as to eliminate, as much as possible, the lines from the matrix. One can thus clearly see the additional band in Figure 15 , which has its maximum at 433 cm -1 . Its width is 107 cm -1 , which is significantly larger than the width of the crystal lines. It is thus possible to conclude that, in the fibers, there is no long-range order, in contrast to the crystals. Taking into account the results of the chemical analysis of the samples, it can be concluded that the fibers have a glass structure with an average composition intermediate between GeO 2 and SiO 2 . We find the Raman spectra for this type of glass in the literature recently [14, 15] , Raman spectra for SiO 2 and GeO 2 glasses are also well known. They present both a wide and intense band, respectively at 440 cm -1 and 416 cm -1 . Their respective widths are 234 cm -1 and 94 cm -1 [16] . The values that we measured are thus intermediate between these values in agreement with [15] and we can thus conclude from the Raman measurements that the probed precipitate is indeed vitreous.
Chemical composition by EPMA (it reveals that compensation occurs on the metal lattice)
In order to understand the phase separation, we performed chemical analyses. They were done by electron microprobe analysis (EPMA). Cu, Ge, Si and O, were analyzed independently. In this way, one could exclude measurements presenting a sum deviating from 100 wt %. A composition profiling was carried out in the zones containing precipitates. Monocrystal of CuGeO 3 and a silica blade were the references of measurement. Correct measurements were then converted into atomic percentage. The error bars were obtained by statistical average. For a global view of the content variations, we have recorded chemical profiles in dynamic mode. We can see large variations in Si and Cu profiles. It means that the profile is crossing a fiber. However, as we have no chance to cross exactly a fiber in the center, contrarily to static mode, the variation is never extremum. Of course, precise positioning has been achieved in the static mode. We made profiles on different samples with SiO 2 content from 8.5 to 30 mol %, only three measurements are shown below for demonstration. In this case also, several regions are analyzed (Fig. 17) . The outermost region is without any precipitate and going towards the center; there is a region with disordered precipitates; a clear region and a small central region with ordered precipitates. The clear area exhibits a Si rich content with 2.5 to 3 at% and another area with a content poor in Si close to the biphased area. Compared to the previous sample, here, the nominal composition contains more Si and therefore the precipitates contain more silicon too but the exchange is not in proportion. For starting compounds with 8.5 and 10% mol SiO 2 /(SiO 2 +GeO 2 ), the fiber contains about 27% of Si/(Si+Ge+Cu), 59% of Ge/(Si+Ge+Cu) and 14% Cu/(Si+Ge+Cu). In this sample with 20% mol SiO 2 /(SiO 2 +GeO 2 ) in the nominal compound, the fiber is made with 28% Si/(Si+Ge+Cu) and 41% Ge/(Si+Ge+Cu) but 31% Cu/(Si+Ge+Cu) i.e. more than twice the Cu content of the previous samples. Therefore, the oxygen to metal ratio does not reach 2 and even it is understoichiometric in oxygen. Nevertheless, the Ge content remains the same in all parts of the sample. However, the Cu/Si balance is now degraded (see Cu+2Si curve in Figure 18 ). What we observe also, is that the oxygen content does not show variation in proportion for balancing. We can suspect an electric charge of the fiber. 
Discussion and conclusions on the chemical observations
When precipitates are correctly ordered, we observed an over-stoichiometry in oxygen in fiber and an under-stoichiometry in the matrix. Although all the samples exhibit heterogeneities, the chemical composition of the cuprogermanate phase is rather homogeneous and close to the nominal one. Some small fluctuations in the Si content are nevertheless observed. They are compensated by Cu content variations. For all the samples studied, which contain varying amounts of Si, we observed that the fibers are vitreous and have a (Si+Ge)O 2 type composition containing a small amount of CuO whereas the matrix has a composition close to the nominal one. We also observed that the fibers present a clear enrichment in Si in comparison with the surrounding matrix. More surprising is that this exchange does not disturb the Ge content. Quantitatively, the GeO 2 proportion is constant but the SiO 2 variation is 1/2 the one of CuO i.e. 2 CuO molecules in matrix structure is replaced by 1 molecules of SiO 2 in precipitate when they are ordered. We observe that the oxygen content increases consistently (we remind that oxygen content has been measured independently of the other constituents). The most external region is slightly silicon depressed when the central region is ordered. The constancy of Ge throughout the sample is remarkable. This is not the case for Si and Cu. Even more surprising is the balance between Cu and Si. There should be no constraint on oxygen diffusion in the liquid and so we expected no relation between Cu and Si. Therefore, the existence of such a relation means that oxygen migration is much lower than Cu and Si.
Now, one has to find an answer to three questions in order to master metamaterial elaboration: why is a second phase formed, why does it appear as micro rods (or fibers) and why are these rods regularly distributed?
For a ternary system like the one we used (CuO-SiO 2 -GeO 2 ), when the starting composition falls into a 3-phase domain, the composition of the phases is defined by the intersection of a complex line (the connodal) with the domain boundaries. In this case, the molar proportion of each phase is defined by the position of the starting composition from each phase boundaries along the connodal, there is no free parameter. It is different with 2-phases case, the compositions of each phase depends on the starting composition. The phase molar proportion is defined by other constraint (not thermodynamically) e.g. the constancy of the Ge content whatever the phase. In our case, we obtain a two phase composite with varying phase compositions when we change the starting composition. This is in principle, in agreement with the phase diagram of Breuer et al. [17] . However, the compositions of our phases are not the expected ones. We should obtain a combination of the CuMeO 3 phase and an almost pure GeO 2 phase. Instead, the fibers contain about 30% of Si, 40-60% of Ge and 15-30% Cu. We thus deduce that the formation of a vitreous phase allows germanosilicate glass to dissolve CuO and changes significantly the ternary CuO-SiO 2 -GeO 2 phase diagram in which the two-phase domain is extended (see Figure 19 ). The rod-type shape of the second phase and the regularity of the microstructure can then be explained as characteristic of a eutectic structure resulting from the decomposition, upon solidification, of a liquid into two solid phases. It is the right compromise between the thermodynamical energy and the surface energy. In such a eutectic transformation, taking place in a temperature gradient like the one available in the growth technique used in this study, the resulting aligned microstructures found are generally either lamellar or fibrous, depending on the volume fraction of the minor phase: when this fraction is smaller than about 30% the microstructure is rod-shaped, which is obviously the case here. Above 30% it is lamellar [18, 19] . The space period and also the size of the precipitates changes in the same samples and also the size but not continuously. There are region with precipitates of the same size and rather region rather disordered with various size and distance. When the size is constant, this means that the theory above is applicable. The last question is why there is a spatially regular distribution? Some interpretation is given by Flemings [20] for eutectic solidification but can be applied more generally to our case. Decomposition of the liquid into two solid phases by eutectic reaction is limited by diffusion and reaction rate. This leads to a constrained control of the size and period of the minority phase distribution. In order to understand the relevant forces that lead to this situation, we tried a rationalization of our observations on a kinetics basis. We studied the differences in volume chemical content between the two solid phases (Table 1) . Knowing the number of molecules per cm -3 of each phase (CuMeO 3 for the matter surrounding fibers and germaniasilica glass for fibers themselves), we computed the changes per unit volume of each species in Table 1 . The concentration of germanium and oxygen decreases only a little. This is apparently in contradiction with the atomic fraction (second column of Table 1 ) but change in atomic fraction does not mimic directly the change in the unit volume (third and above columns in Table 1 ) as we have to take into account the molecule volume. About the difference in Cu and Si, they appear complementary really in a ratio of 1 Si to 2 Cu. Therefore, we can conclude that during solidification of the liquid phase, there is an exchange of Cu and Si, on one hand, and a slight decrease in GeO 2 content in the fiber compared to the matrix. We can now arise the question on the transformation of the system under cooling in the phase diagram. As a matter of fact, the observation of a first phase with composition CuMeO 3 where Me is a mixture between Ge, Si, and a second phase with composition Me'O 2 where Me' is also a metallic mixture, means that the starting liquid did not keep the composition of the rod in particular, CuMeO 3 in the case considered in the table. Unfortunately, it was not possible to know the composition of the liquid phase, but we can deduce it by calculation. In this direction, considering the sample with 8.5% at Si, from the optical and SEM observations, we know the filling factor in the central region in 2D is 16%. With this information, and considering that there is invariance along the growth axis, we can achieve the calculation by combining the chemical formula of one phase with the other one. This is done in the Table 3 . Table 3 shows for the central region of the sample that the Ge or Si content have not changed whereas Cu and O show a similar decrease. It is thus clear that the liquid has been losing CuO under heating. We can remind here that from chemical analysis, we found that the external region without precipitates is SiO 2 depressed. As the GeO 2 content remains almost constant, and because a flux of SiO 2 is compensated by a flux of CuO, it yields that CuO migrated from the center to the surface and SiO 2 migrated in the reverse direction. This is likely due to thermal gradient. Therefore, for this specific composition, this migration moved the system (corresponding to the ordered region) from the congruent line to the two phase domain as we show in Figure 18 . Table 3 . Computation of the liquid phase composition. Figure 18 shows the location of the previous example in the phase diagram. As we can see, the rod composition in green moved to the red point on losing CuO, and then under cooling, the two phase composition is defined by the line linking the two blue points and the matter conservation. On one hand, the matrix composition surrounding the fiber is defined by the congruent line. On the other hand, since the fibers contain CuO, this means that a phase boundary (dashed blue line) is missing in the diagram. Below this line, there exists a silica glass containing CuO. In addition, we can say, that between the two blue points, it is not a three phases domain but a two phases one. Finally, as we had seen that the liquid phase corresponding to ordered area, moved to glass boundary, we made further experiments with increasing content in glass formers. This gave then results with the smallest size and distances between fibers (See Figure 8d) . In order to obtain spacing between fibers compatible with the second telecom window (1.5 µm), we studied several parameters of growth. For a fixed filling factor f: d 2 R=a,  2 /4d 2 =f, www.intechopen.com  2 R=b where d is the fiber distance, R is the growth rate,  is the fiber diameter. f is dependent of the phase diagram. 'a' and 'b' are constants depending on several thermodynamic and kinetic quantities themselves depending on nominal chemical composition and temperature, R can be considered as a free parameter [20] . Experimentally, we proved that the distance between fibers could be reduced at least down to 1.4 µm and fiber diameter to about 0.6 µm keeping a rather good order. Good fiber ordering is obtained for filling factor lying between 0.126 and 0.140. Below this range, the order may be good enough but the fiber distance is quite large. Above that, the ordering degrades. Since the filling factor is partly defined by the nominal composition, the increase in silicon content leads to an increase in the filling factor but it may lead also to disordering. There is so a series of conditions for obtaining good ordering. This ensemble of conditions suggests an instability like the Turing one [21] . As a matter of fact, we can remark that at the beginning there is too much MO 2 in the liquid to elaborate a single crystal (this is deduced from phase diagram). This induced Si content fluctuations achieved by diffusion. As Si content increased in some places, at these places the structure stabilized into silica-germania glass increasing the driving force for Si to increase its concentration (since it is known that SiO 2 adopts vitreous state easily Nevertheless, it is known that Cu diffuses much faster than Si in vitreous matter [22, 23] . We thus think that ordered fiber distribution in our case is a self-organization relevant from Turing structures. Figure 20 is a comparison of Fourier transforms of the two samples shown in Figure 8 . We observe a circle around the central point in Figure 19 (a) with a non-zero thickness whereas there are just a few points in Figure 20 (b). This corresponds to isotropy of equally distant point distribution in Figure 8 (b) whereas (c) is well ordered at the first and subsequent neighbors. If sample in Figure 20 (b) is recognized as a metacrystal, sample in Figure 20 (a) exhibits properties of a glass with a rather well defined first neighbor coordination shell but an isotropy due to random long range order. We can thus call this structure metaglass. From Fourier transforms (FT), we can extract several structural quantities: -The size of the central point yields coherence length, it is 50 m horizontally and 33 m vertically for sample (a). This means 4.3 to 6.0 fiber periods, whereas for sample (b), it is 11.5 m which corresponds to 5.5-7.7 fiber periods. -
Optical properties
The distance from the first point ( Figure 20(b) ) or circle ( Figure 19(a) ) to the center point yields the fiber distance by simple inversion. It is 7.7 m vertically and 8.3 m horizontally for sample (a) whereas it is 2.1 m and 1.5 m respectively for sample (b). For sample (a), the dispersion of the first neighbor distance is around 20%. -In FT image of sample (a) image, we can see a larger intensity at the higher and lower bounds of the circle. This means that a texture begins to appear in this sample. We have elaborated other samples with a texture more developed, intermediate between FT of sample (a) and sample (b). Diffraction directions appear in that case as spots on a circle. The next point is to observe that only one circle (sample (a)) or one series of points located on an ellipse (sample (b)) is detected. This arises from the ratio of the fiber size to the period or the filling factor. Due to the large value of this ratio (0.43), the FT domain is strongly limited to the first points around the central spot. This can be good for application as the intensity is concentrated only in several directions [24] . A thin slice of the sample was cleaved along the (100) plane or perpendicular to the 'a' axis, for observation under optical microscope. This can be done both in reflection and transmission modes using either natural or polarized white light. The precipitates are highlighted easily with respect to their monocrystalline surroundings, because of sufficiently high contrast in refractive index (the difference is about 0.32, matrix index=1.77 (average value), fiber index 1.45). The samples are not homogeneous in the conditions we used as it can be seen from the difference in color in the center and on the outer regions of the sample surface (see Fig. 2 ). These regions are concentric, indicated by a lighter shade of blue at the center and a darker one outward. The use of polarized light indicates that the matrix is not isotropic. 'b' and 'c' are the neutral crystal axes perpendicular to 'a' axis (unfortunately we were not able to measure this birefringence). On the contrary, the precipitates do not provide any contrast, which means that they have an isotropic structure in the cleavage plane.
Towards Photonic Crystals (PC) working in the IR
Optical microscopy of the sample shows regular arrangement of a large number of silica fibers. Therefore, it was selected for further chemical treatment to develop a material with characteristics close to that of a PC. The essential idea is to etch out the fibers from the crystalline matrix, using HF acid, and thus obtain a higher refractive index difference between the two dielectric phases. To begin with, a piece of pure CuGeO 3 was HF treated for 30 min, in 40% HF acid, to make sure that the crystal is not etched away significantly. It is because the aim is to remove the fibers from the sample, without affecting its monocrystalline surroundings. There is no observable difference in the structure of the material before and after the procedure. A thin-cleaved slice of the sample (of thickness 0.5mm) was taken for the experiment. It was immersed in 20% HF acid for 30 min and was observed under the optical microscope (Figure 21a and 21b) . There is significant difference in the structure of the sample after the procedure. Apparently, the surface of the material has been cleaned and the etched sample reveals lamellar structures around the fibers. Also the circular cross section of the fiber changes to a rhomboid shape after etching. This sample was again immersed in acid and the microscope images are given in Figure 22a and 22b. The purpose was to confirm, whether the fibers are completely etched off the sample. Figure 21a is the image after 1 h and Figure 22b is taken after keeping it in acid for a longer time. The image of the crystal in Figure 22b shows some white dots at the center of the periodic structures, which were the locations of fibers in the non-etched sample. This means that the fiber from that region has been etched off across the entire thickness of the sample. We further confirmed this by the surface topography from a phase shift interferometer and also by the AFM studies, which we do not include in this article since it carries no more information than those we already showed in the SEM and optical microscope images. However, to ensure that the fibers are indeed etched away completely, we did a layman experiment, placing it over a colored transparent slide to observe the image under optical microscope, in the transmission mode. The results were positive, but it is to be mentioned that the thickness of the sample was only less than 0.5mm. We measured the etching rate of the sample by comparing its thickness with a reference, after repeated etching procedure. It is about 12 m/h. SEM analysis: The SEM images of this sample using the backscattered (BSE) and secondary electron (SE) modes are given in Figure 23a and b, respectively. The BSE results give an indication of the chemical differences at various locations, whereas the SE measurements are more related to the topography of the material. One interesting feature that we observed is the change in the shape of the cross sectional area occupied by the fibers. The fibers themselves had circular cross section. However, after their removal a location assumes a rhomboid shape. One might be lead thinking that there is a preferential direction along which the etching took place faster, which is the direction of the minor axis of the crystal. Even if the reasons are not clear, we propose two hypotheses. (1) It is the surface tension of the fibers while in liquid form that enabled them to assume circular cross section. When the fibers are removed, the tension releases, and the surrounding matrix takes the shape decided by its crystalline properties. (2) On the border of the fibers the crystalline matrix is also etched away slightly, and the rhomboid shape is an indication of the crystallographic axis in the growth direction [25] . It can also be seen that the appearance of the white lines and the variations in the color of the surrounding matrix are perfectly repetitive. We further confirmed using phase shift interferometer technique and AFM that these correspond to variation in the depth profile. acid. There are obvious differences in the structure of the crystalline matrix after the procedure. Fig. 22 . Photograph of the sample after HF treatment for 3 h (a) at high magnification and (b) shows the picture after keeping the sample in acid for a longer time such that the fibers are etched off. This is indicated by the appearance of white dots. Fig. 23 . A thin-cleaved slice of the sample (ofthickness0.5mm) was taken for the experiment. It was immersed in 20% HF acid for 30 min and was observed Under the Optical microscope. There is significant difference in the structure of the sample after the procedure. Apparently, the surface of the material has been cleaned and the etched sample reveals lamellar structures around the fibers. Also the circular cross section of the fiber changes to a rhomboid shape after etching.
Conclusion
We synthesized from the melt an aligned two-phase material whose minority phase is vitreous and the majority one, crystalline through self-organization. This is original, as far as we know. Another example of glass precipitation (Si 3 N 4 ) in a crystalline matrix (Fe) has been published [26] but no order appears at all. The samples that we have synthesized are monocrystals of CuMeO 3 type (with Me = Ge or Si) with orthorhombic crystalline structure containing germania-silica glass fibers (Ge 0,7 Si 0,3 )O 2 . The fibers can have sub-micrometer size, regularly spaced, close to a compact hexagonal stacking with a period slightly above the micron. This regular microstructure was obtained only for certain ranges of Si content and growth rate. Furthermore, the manipulation of the parameters controlling the microstructure of composite presented above (diameter and distribution of fibers) and the beginning of rationalization in the frame of Turing structure, opens up ways for finding other systems exhibiting similar structures. This will be valuable for a better control of the degree of ordering and for finding chemical systems with much lower light absorption in the telecom window. In the present composition, the absorption coefficient is around 2 cm -1 , quite flat for wavelength ranging from 1 to 4 m. These two dielectric structures react differently to HF acid, which we exploit to remove the fibers from the matrix without affecting the crystal. So far this has been successful until a length limit of 0.5mm. There are research results indicating that photonic band gaps can also be observed in quasi-periodic dielectric structures [16, 27] . Some researchers have already reported that PCs show complete band gaps, if the dielectric contrast is sufficiently high [28, 29] . We used the finite difference time domain method for photonic band gap (PBG) calculation assuming a hexagonal lattice. Even if the results are not conclusive, what we can say at this stage is that, before etching there was no indication of a band gap; however, after improving the refractive index difference from 0.32 to 0.77, we observed that a PBG opened up in the TE mode (but not in the TM mode). The next question, here, is the use of such a composite. We have to firstly underline that we have fabricated real 2D ordered composite as the translation symmetry along the thickness is much larger than the material period in the perpendicular plane. Thus, vertically, the intensity remains concentrated without any diffraction. One application is wavelength extraction: with sample with optimal order, it is possible to diffract light at 1.5 m under an angle of 50° and to collect 1 nm wide channel for injection in a 10 m wide waveguide 3cm away from the center of the crystal. With a crystal with short coherence length, it is not necessary to turn the crystal for fulfilling a Bragg condition and thus a star demultiplexing is achievable. But this is quite modest application with the system we used here. We think possible that our metamaterials could be useful for bio-optical applications. We are optimistic to reach metamaterial applications in the visible and maybe photonic crystal ones by investigating other composites achievable by the same method.
